Genetic variation and phylogenetic relationships among 76 birds belonging to Indian Red Jungle Fowl (RJF) and three domestic chicken breeds viz. one Indian native sport breed, Aseel (AS) and two global high yielding breeds of egg type, White Leghorn (WL) and meat type, Red Cornish (RC) were evaluated using Amplified Fragment Length Polymorphism (AFLP) markers. A total of 318 scorable dominant AFLP bands in the range of 50-500 bp using 20 EcoRI/TaqI primer combinations were detected across populations. The mean number of polymorphic bands across all four populations was 15.5 per primer combination. Species-specific bands were also found in all populations except WL. Nei's gene diversity was measured between RJF and domestic chickens and it was significantly higher in RJF population (0.309) as compared to the domestic chicken populations of AS (0.129), WL (0.067) and RC (0.066). RJF showed maximum genetic distance with RC (0.221) and minimum with AS (0.177) population. The divergence between RJF and domestic chicken was observed by constructing an UPGMA dendrogram. RJF was present in one cluster and whereas the three domestic chickens were tightly clustered in another group. This clustering pattern was also confirmed by principal component analysis (PCA). The estimate of genetic identities (GI) and genetic distances (GD) using Nei (1972) also suggest comparatively more closeness of RJF with AS (an Indian native chicken breed) than those of commercial breeds WL and RC. These results support the earlier understanding that chicken was first domesticated for game purpose rather than as food.
Introduction
India and the neighboring countries have been identified as one of the original homes of the red jungle fowl (Kanginakudru et al., 2008) . It is widely accepted that all the present-day domestic chicken breeds descend from a single ancestor, the Southeast Asian red jungle fowl (Gallus gallus) (Hillel et al., 2003) . However, Eriksson et al. (2008) demonstrated that domestic chickens with yellow skin does not originate from the red jungle fowl (Gallus gallus), but most likely from the closely related grey jungle fowl (Gallus sonneratii). Domestic chickens are raised for their meat and eggs, provides a stable source of protein and fat for humans.
However, there are other aspects. In ancient time, especially in the Indus Valley, it has been raised due to religious significance attached to the chicken, cockfighting, art and ornamentation (Miao et al., 2013; Fumihito et al., 1996) The domestication of chickens has a long history. The remains of chicken found in 16 neolithic sites along the Yellow River in Northeast China and in 13 sites in Europe and Western Asia were much more ancient than those of the Mohenjo-Daro city in the Indus Valley and almost 8, 000 years old (West and Zhou, 1988) . During all these years, its genome has undergone tremendous changes either natural or intentional, especially regarding its production potential and disease resistance. Since all the existing genetic diversity in chicken seems to be originated mainly from red jungle fowl (RJF), the genome of RJF may serve as a gene pool for chicken biodiversity. Unlike other domestic species, where the ancestor from which the present day animals evolved are extinct, chicken offers a unique opportunity to identify the random as well as specific differences between the genome of today's domestic chicken and the progenitor viz. RJF. Such differences may be the species-specific and might be associated with the differences in production potential and disease resistance.
Indian RJF has not much used in diversity study and in relationship analysis with domestic chicken except few studies completed by Indian researchers (Kanginakudru et al., 2008) . However, some threats have been expressed that the wild RJF populations may be genetically contaminated due to introgression of genes from domestic chicken stocks (Peterson and Brisbin, 1999) . Hence there is a need to develop molecular standards with regard to the purity of RJF and its relationships with domestic chicken. Generally, domestic chickens representing four evolutionary lineages: egg-type, game-type, meat-type and bantam (Moiseyeva et al., 2003) . For years, researchers have been trying to find out the answer of some unsolved questions that which chicken breed is the closest to RJF and is the most ancient. However, it's not an easy task, but researchers are continuously trying to solve these unsolved conundrums.
The amplified fragment length polymorphism (AFLP) is a good technique for multilocus DNA profiling (Vos et al., 1995) . It has been widely applied for assessing genetic diversity and phylogenetic relationship analysis in poultry birds (De Marchi et al., 2005; Gao et al., 2007) . The aim of this study was to investigate the genetic diversity and phylogenetic relationships among wild RJF and domestic chicken breeds using AFLP markers.
Materials and Methods

Chicken Population and DNA Extraction
A total of 20 birds Indian red jungle fowl (Gallus gallus murghi) and 56 birds comprising of White Leghorn (20 birds), Aseel (18 birds) and Red Cornish (18 birds) breeds of domestic chicken (Gallus gallus domesticus) were used. The Red Jungle Fowl (RJF) birds were from a captive population developed by collecting the fertile eggs from different locations of the forest range in the Pilibhit region (28º52′ -28º46′ N Latitude and 79º55′ -82º15′ E Longitude) of Uttar Pradesh, India and subsequently maintained at the institute. The White Leghorn (WL) and Red Cornish (RC) were the long term selected purebred populations for part period egg production and early body weight, respectively. The base populations were imported in nineteen seventies from Israel. Each generation of these populations was produced by using 30-40 sires and each sire mated to 4-6 dams. The base Aseel (AS) population was developed from the adult stock brought from its breeding tract in Andhra Pradesh, India in 1976 and subsequently this population is maintained as pedigreed random mating closed flock. Each generation of AS population was produced by using 15-20 sires and each sire mated to 4-6 dams. All the populations are reared under identical nutritional and managemental conditions from generation to generation. Inbreeding was kept low as far as possible by avoiding close mating.
From each of the 76 live birds, 0.4 ml to 0.5 ml fresh blood sample was collected from the wing vein in 1.5 ml microcentrifuge tube containing 5 mM EDTA. Genomic DNA Kumar et al.: AFLP in was extracted from fresh blood samples using the DNAzol ® reagent (Life Technologies, Carsbad, CAL, USA,), according to the manufacturer's procedures. DNA concentrations were quantified on a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). All genomic DNA samples were normalized to 50 ng/μl for further AFLP template preparation step.
AFLP Assay
The AFLP assay was performed by following Vuylsteke et al. (2007) and Ajmone-Marsan et al. (1997) with minor modifications. The sequence of EcoRI and TaqI adapters and primers used in the AFLP assay described here is shown in Table 1 . To produce EcoRI/TaqI AFLP marker, each 400 ng genomic DNA sample was digested using EcoRI and TaqI restriction enzymes followed by adapters ligation. This was served as a template for the pre-amplification reaction. For pre-amplification reaction 5 μl of template DNA was then added to a pre-amplification mix containing all PCR components with 15 pmol each of E + A and T + A primers (EcoRI and TaqI primers carrying one selective nucleotide + A), in a total of 50 μl reaction volume. The PCR reaction was performed for 25 cycles with the following cycle profile: denaturation at 94℃ for 30 s, annealing at 56℃ for 60 s, extension at 72℃ for 60 s with the final extension at 72℃ for 5 minutes. Diluted the pre-amplification reaction product 20-fold with T: E (10:1) buffer for further use. These diluted reaction products serve as templates for the final selective amplification reactions using primers with three/four selective bases in one or both primers. Each selective amplification PCR reaction had a total volume of 20 μl containing 5 μl of diluted template DNA, 1X Reaction buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.8, 0.1% Triton X-100, 0.01% gelatin), 1.5 mM MgCl 2 , 200 μM of each dNTP, 1 U of Taq DNA polymerase and 3 pmol appropriate selective EcoRI primer along with 6 pmol appropriate selective TaqI primer. The PCR profile used was: two cycles of 94℃ for 30 s, 66℃ for 30 s and 72℃ for 60 s, followed by 2 cycles of each with the annealing temperature lowered 2℃ at a time to 64℃, 62℃, 60℃, and 58℃, followed by 25 cycles with an annealing temperature of 56℃. The last cycle had an extension time of 5 minutes. The final products were resolved on 3.5% metaphor (Lonza, Rockland, Inc., Rockland, ME, USA) gel in 1X TBE buffer. The gels were stained with ethidium bromide and the images were captured by a Phosphor-imager (FLA-5100, Fluorescent/Radioisotope Science Imaging System, Fujifilm, Tokyo, Japan). Molecular sizes of AFLP markers were estimated by using 20 bp DNA ladder (GeNei TM product, Merck, India) as an external size standard.
Data Analysis
Only intense and unambiguous AFLP bands were scored as present (1) or absent (0) and compiled into a binary data matrix which was further used for all intra-and interpopulation genetic statistics: the percentage of polymorphic loci, Nei's genetic diversity index (h) as per Nei (1973) . Based on Nei's (1972) genetic distances, an UPGMA (Unweighted Paired Group of Arithmetic Mean Average) dendrogram was computed to understand the clustering among four populations. The above genetic parameters were calculated using POPGENE ver 1.31 (Yeh et al., 1999) . The dendrogram was drawn by MEGA 4.0 Software (Tamura et al., 2007) . To further construe the relationships between individuals and among sub-population groups, pairwise dissimilarities were calculated by simple matching coefficients (1000 bootstraps) using genotyping (presence/absence) data. From the dissimilarity matrix, an unweighted neighbor-joining (NJ) tree was computed using the DARwin software version 5.0.158 (Perrier and Jacquemoud-Collet, 2006) . In order to identify major groups, a principal coordinate analysis was conducted based on the similarity matrix using the Jaccard's coefficient and EIGEN procedure using NTSYSpc software (version 2.2).
Results
Genetic Diversity Analysis
A total of 318 scorable AFLP bands in the range of 50-500 bp were detected across populations with 20 EcoRI/TaqI primer combinations (PCs) ( Table 2) . Out of which, 309 (97%) were polymorphic bands. The number of polymorphic bands was ranged from 7 (E04/T06) to 26 (E03/T05) with an average 15.5 bands per primer combination (PC).
The highest number of 302 (97%) polymorphic bands was detected in RJF Population followed by 105 (37%) in AS, 60 (22%) in WL and 57 (20%) in RC population (Table 2 ). Nei's genetic diversity (h) across all populations was 0.243 (ranging from 0.146 to 0.297) and across loci was maximum in RJF (0.309) followed by in AS (0.129). In WL and RC, the h estimates were quite low (0. 067 and 0. 066, respectively).
Species-specific Bands
A total of 29 species-specific bands generated by 14 out of 20 primer combinations in both wild RJF and domestic populations. In RJF, a total of 26 species-specific bands were found as compared to two in RC and one in AS. While in WL population no band was observed as species-specific. Out of 29, only 14 species-specific bands were present with allelic frequency ≥10% (Table 3) .
Genetic Relationships Among Populations
The genetic identity (GI) and genetic distance (GD) were calculated for all possible population pairs (Table 4) . RJF showed more or less similar GI (0.801 to 0.837) with all the domestic chicken breeds and estimates were comparatively lower than the estimates of GI within domestic chicken breeds (0.934 to 0.944).
To show the relationships among four chicken populations, an UPGMA dendrogram based on GD was constructed (Fig. 1) . At about 9% genetic dissimilarity, all four populations were divided into two main clusters. The RJF was quite distinct from domestic chicken breeds and formed a separate group (cluster I) whereas the three domestic chicken breeds were clustered together into another group (cluster II). At about 3% genetic dissimilarity, cluster II was further divided into two sub groups cluster IIa (WL) and IIb (AS and RC). To show the relationships among 76 birds belongs to Journal of Poultry Science, 52 (2) all four chicken populations, an unweighted NJ tree was constructed based on simple matching dissimilarity (Fig. 2) . 1000 bootstrap replicates were performed to assess the branch robustness.
Principal Component Analysis (PCA)
The PCA is one of the multi-variate approaches of grouping based on the similarity coefficients. It is expected to be more informative about the differentiation between the groups rather than the individuals. PCA analysis of dataset revealed that the first three components explained about 85% of the total variation. The first two axes explained 83% of the total variance and could clearly separate RJF from domestic chickens. Overall, three distinct groups were revealed by the first two principal components (Fig. 3) 
Discussion
Genetic Diversity Analysis
In RJF population, 97% bands were found polymorphic as compared to the three domestic chicken populations in which only 22% to 37% bands were polymorphic. However, the challenges in AFLP analysis arose from their dominant scoring and the low level of polymorphism of some primer combinations among domestic chicken breeds. The number of polymorphic bands ranged from 7 (E04/T06) to 26 (E03/T05) with an average 15.5 bands per primer combination (Table 2) was more similar to reported by Mekchay et al. (2005) in Thai native and broiler chicken. A high level of polymorphism in RJF refers to its wild nature in terms of free and random mating. Among the domestic chicken breeds AS showed maximum polymorphism in comparison to other high yielding chicken populations as it is maintained as random population and not subjected to any long term selection.
Gene diversity is a suitable parameter for investigating genetic variation within populations. Nei's genetic diversity (h) across loci was maximum in wild RJF population (0.309) followed by in domestic AS population (0.129). In WL and RC, the h estimates were quite low (0.067 and 0.066, respectively). The higher genetic diversity in RJF was also confirmed by Hillel et al. (2003) . The lower level of genetic diversity in the domestic chicken breeds was due to the large proportion of monomorphic bands as 224 (80%) in RC, 210 (78%) in WL and 177 (63%) in the AS. Mugal et al. (2013) used whole-genome re-sequencing based approach for genotyping to study the genetic diversity between domestic chicken (egg type and meat type) and RJF and found that domestic breeds had lower diversity levels than RJF, may be due to artificial selection during domestication.
Species-specific Bands
A total of 14 species-specific bands were found to have allelic frequency ≥10%. Out of 14, 11 species-specific bands were related to RJF only. The number was lower than the number of species-specific AFLP bands (209) observed by Knorr et al. (1999) in jungle fowl. In domestic chicken breeds, only three species-specific bands could be detected. Similarly, De Marchi et al. (2005) and Gao et al. (2007) reported lower numbers of species-specific AFLP bands in their study on indigenous chicken breeds. Primer combination E01/T03 produced one specific band at 256 bp (allele frequency ＞30%) in RJF and it may be important in RJF identification point of view. Another important specific band was found in the Indian native chicken breed AS with primer combination E02/T03 at 142 bp (allele frequency > 40%).
Genetic Relationships Among Populations
RJF showed comparatively lower GI estimates with all three domestic chicken breeds (0.801 to 0.837) in comparison to the GI estimates among the domestic chicken breeds (0.934 to 0.944). While, Gao et al. (2007) reported comparatively lower GI, ranging from 0.635 to 0.860 between all possible combinations of 12 Chinese indigenous chicken breeds using six AFLP PCs. Though the GI estimates between RJF and other three domestic chicken populations varied in a low range, but AS seems to be more closer to RJF. Tomar et al. (2007) also reported lower genetic distances between RJF and AS using three marker systems as RAPD, MASA and microsatellite. Mekchay et al. (2014) presented the same in a study of Thai chicken breeds using SNP markers developed by amplicon sequencing of AFLP-PCR products. The genetic distances between all possible combinations of domestic chicken populations (0.057 to 0.068) were observed lower than reported by De Marchi et al. (2005) between all possible combinations of four indigenous chicken breeds (0.164 to 0.259) using AFLP markers.
UPGMA dendrogram among wild RJF and domestic chicken groups showed that RJF was quite distinct from domestic chicken breeds and formed a separate cluster, whereas the three domestic chicken breeds were clustered together into another group (Fig. 1) . Clustering of RC with AS showed close relationships with each other and supported by Moiseyeva et al. (2003) as they suggested that the meat type breeds to have descended from game breeds. In PCA analysis, more than 85% of the total variation in the estimates of genetic similarity was explained by the first three components, indicating the suitability of the AFLP approach for genetic clustering. The first two principal components explained a significant variation (approx. 83%) and could clearly differentiate wild and domestic chicken populations into three distinct clusters and confirmed the results of UPGMA dendrogram based on genetic distances. In conclusion, AFLP was found suitable in accessing genetic diversity between wild RJF and domestic chickens. Identified species-specific AFLP bands for Indian RJF and Indian native chicken breed AS may be useful in purity testing. Eventually, further studies should be required in order to find out the optimum number of markers which is necessary to guarantee a high probability of discrimination among breeds.
